Z Navrátil, P Dvořák, O Brzobohat, D Trunec. Determination of electron density and temperature in a capacitively coupled RF discharge in neon by OES complemented with a CR model. Abstract. In this work a method of determination of electron temperature and 1 electron density in plasma based on optical emission spectroscopy complemented 2 with collisional-radiative modelling (OES/CRM) was studied. The radiofrequency 3 (13.56 MHz) capacitively-coupled discharge in neon at 10 Pa was investigated by 4 intensity calibrated optical emission spectroscopy. The absolute intensities of neon 5 transitions between 3s -3p states were fitted with a collisional-radiative model in order 6 to determine the electron temperature and electron density. Measuring techniques as 7 imaging with ICCD camera were adopted for supplementary diagnostics. The obtained 8 results were compared with the results of compensated Langmuir probe measurement 9 and one dimensional Particle In Cell / Monte Carlo (PIC/MC) simulation. 10 The results of OES/CRM and PIC/MC method were in close agreement in the 11 case of electron temperature in vicinity of a driven electrode. The determined value 12 of electron temperature was about 8 eV. In bulk plasma, the measured spectra were 13 not satisfactorily fitted. In the case of electron density only relative agreement was 14 obtained between OES/CRM and Langmuir probe measurement, the absolute values 15 differed by a factor of 5. The axial dependence of electron density calculated by 16 PIC/MC was distinct from them, reaching the maximum values between the results of 17 the other two methods. The investigation of power dependence of plasma parameters 18 close to driven electrode showed a decrease in electron temperature and an increase in 19 electron density together with increasing incoming RF power. The calculated spectra 20 fitted very well the measured spectra in this discharge region.
Introduction 24
Radiofrequency (RF) capacitively coupled discharges are widely used in industrial 25 applications for thin film deposition, etching, cleaning, surface modification, in high 26 power lasers, as analytical sources, light sources etc [1] . However, precise measurement 27 of the basic plasma parameters such as electron density and electron temperature 28 or electron distribution function is still demanding. Although the use of Langmuir harmonic frequencies was passively compensated [25] . Eventual disturbance of plasma 103 potential due to high sheath resistivity was compensated by means of a reference 104 probe [26] . Electron energy distribution functions were calculated from second derivative 105 of the probe characteristics by the well-known Druywestein formula. If EDFs had 106 Maxwellian shape, the electron concentration and mean energy were calculated from a 107 linear fit to a logarithm of measured probe characteristics in order to exclude the impact 108 of noise produced by numerical calculation of the second derivative. Analogically, when 109 it was possible to describe EDF by so-called general distribution, appropriate function 110 was fitted to the logarithm of the measured data. The general distribution f g is described 111 by relation 112 f g = C g n e E 1/2 exp − E κ 2κE κ p where n e , E and E p are electron concentration, energy and the most probable energy, 114 respectively. C g is a constant depending only on E p and κ. κ describes the shape 115 of the EDF. For κ = 1 or κ = 2 the general distribution is identical to Maxwellian
The emission coefficient ǫ ij of specific transition i → j, integrated over the lineshape, was derived from the fibre irradiance. If the cylindrical symmetry of plasma with uniform radial profile for region between the electrodes can be assumed
where ǫ ij is the emission coefficient of unit discharge volume defined as
where n i is the population of excited state i, A ij and Λ ij Einstein coefficient and socalled escape factor of spontaneous emission, respectively, andhω ij is the corresponding photon energy, then the irradiance of the optical fibre ("detector") is through the iris diaphragms to the irradiation of fibre aperture was assumed to have 139 cylindrical shape with length 110 mm and diameter 5 mm. 
where m i , a i , q i , E and N denote the particle mass, the acceleration, the charge, the electric field strength and the number of charged particles in the system, respectively, together with the Poisson equation
in which ϕ and ρ stand for the electric field potential and the charge density, respectively. where the separation between the electrodes is much smaller than electrode diameters.
331
In our case the separation was 40 mm and the diameters of electrodes were only 80 mm. was 80 mm). However, this assumption is only approximate and at 10 Pa there is still 357 some radiation produced outside this region, which increases the measured intensity 358 ‡ We keep using effective temperature (k b T = 2/3E mean ), although E mean would be more appropriate in this discussion. although the variation of light intensity through the period is substantially smaller 372 in neon at 10 Pa than at lower pressure [13, 14] or in other gases [14] . In our case 373 the light emission lasted nearly the whole period. Since the light emitted from the 374 discharge was accumulated on the CCD detector over many periods of RF signal, the The examples of fitted spectra for pressure 10 Pa and input RF power 10 W and 401 50 W, are shown in figure 11 and figure 12 , respectively. Obviously, the agreement 402 between the calculated and measured spectra is appreciably good. This is evidence of Figure 11 . The example of spectra fit at position 4 mm and input RF power 10 W. The electron temperature and density determined from the fit were 12.2 eV and 1.2 × 10 8 cm −3 , respectively. with increasing incoming RF power. The measured and calculated spectra agreed very 421 well in this region.
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The obtained results suggest that the determination of electron density based 423 on OES with absolute intensity measurement and CR modelling suffers from serious 424 problems. Complicated geometry, unknown radial intensity profile, reflection of light 
465
[10] Sobolewski M 1995 Electrical characteristics of argon radio frequency glow discharges in an
